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Short Summary 
 
The HarWin (Harvesting solar energy with multifunctional glass-polymer windows) FP7 project 
focuses on the development of innovative windows and their integration in buildings. These 
innovative windows aim at improving significantly the energy efficiency of windows and buildings 
and performing environmentally well on a life cycle base. The improvements are based on reduced 
material usage and weight, reduced thermal conductivity and energy consumption and hence, 
reduced environmental life cycle impacts. The innovation lays in the integration in the window of 
intelligent phase changing materials and novel glass-polymer composites with wavelength 
management capability. As windows are multi-component and multi-functional systems, an 
appropriate Life Cycle Environmental Assessment (LCEA) method is needed. Based on an 
evaluation of best available methods and tools for LCEA an adapted method for windows is 
proposed. This paper furthermore discusses how the method proposed can be used efficiently 
during the development process of the innovative window. 
 
Keywords: Ecodesign, Energy related Product, Life Cycle Environmental Assessment, Multi-
functional windows, Product Environmental Footprint, recyclability 
 
1. Introduction 
 
Windows are complex entities, not only as stand-alone objects (i.e. they are composed of several 
materials and they are designed to fulfil several functions) but also in their integration in the 
building (i.e. interaction with the interior and exterior environment). Although the primary function of 
a window is to allow daylight to enter a building and to provide visibility of the exterior environment, 
they fulfil many more functions. They provide protection against heat and cold (thermal insulation), 
prevent noise nuisance (i.e. acoustical protection) and create an attractive appearance of the 
building. They however might fulfil even more functions such as allowing for ventilating the building 
and protection against injuries and break-ins. Often, an overall acceptable solution needs to be 
found as an improvement of the performance of one of the functions may lead to the worsening of 
another one (e.g. improvement of the heat resistance often results in a reduction of the visible 
transmission factor). This overall optimum is moreover highly determined by the context. Both the 
desired and achieved window performances are amongst others determined by the function of the 
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building, the climatic context, local conditions and the user behaviour. 
 
To fulfil the multitude of functions, windows are composed of several components. They typically 
consist of a glazing, a frame, sometimes with the integration of a ventilation grid, a gas filler and 
auxiliary materials. Currently, several technologies exist for each of these components and have 
evolved rapidly during the past centuries to improve the window performance for one or several of 
its functions. The glazing has evolved from single glazing to multi-layer glazing filled with air, a 
noble gas, or a vacuum space. Low-emissivity coatings were added to further improve the thermal 
insulation of the glazing. Similarly, the window frames have improved in terms of heat resistance; 
and air and water tightness. As the windows are often one of the weakest points in the building 
envelope regarding its heat resistance (with an insulation value of approximately three times worse 
than the rest), improvement is still needed. Innovative concepts are furthermore required to tackle 
the drawbacks of the new technologies to date such as high weight and material usage of multi-
pane glazing. Searching for innovative windows with the above goals is the aim of the FP7 HarWin 
project [1]. The innovation lies in the integration in the window of intelligent phase changing 
materials and novel glass-polymer composites with wavelength management capability. 
 
The aim of the HarWin project is furthermore to ensure that the newly developed innovative 
windows will not only have additional technical, functional and energetic functionalities, but that 
these will also present an overall improved environmental performance over their life cycle. For this 
purpose, a life cycle environmental assessment (LCEA) method is required which could be used 
during the development phase of the innovative multi-purpose window. 
 
Several studies were performed in the past to calculate the environmental impact of windows as a 
set of components, as a stand-alone product or as integrated in a building ([2], [3], [4], [5], [6], [7], 
[8], [9], [10]). These studies confirm that windows are complex entities and their integration in the 
overall building design should be taken into account [3], [4]. The studies furthermore confirm that 
their performance and related required characteristics do not only depend on the climatic context, 
but also on specific (local) conditions (e.g. shadowing, orientation), function and user behaviour. 
LCEA studies of windows highlighted the importance of the use stage and recommend considering 
carefully this life cycle stage [3], [4], [5]. The life span of the window and its components were 
furthermore identified as important characteristics, which is determined by the durability of the 
components, the window design and its integration in the building (e.g. level of disassemblability) 
[2], [4], [9]. It is therefore important that the LCEAHarWin method explicitly takes into account 
durability, recyclability, reusability and recoverability of windows.  
 
An overview of existing LCEA methods is given in section 2 of this paper. The proposed LCEAHarWin 
method and its integration during the design process of the innovative windows (i.e. ecodesign) are 
discussed in section 3. The final section describes the conclusions and steps forward. 
 
2. Existing Life Cycle Environmental Assessment Methods: overview 
 
Several potential methods are available which could be used within the context of HarWin. Four 
methods were analysed: EN 15804:2012 [11], Product Environmental Footprint (PEF) [12], 
Methodology for Ecodesign of Energy-related Products (MEErP) [13] and Resource Efficiency 
Assessment of Products (REAPro) [14]. The ISO 14040:2006 and ISO 14044:2006 standards on 
Life Cycle Assessment (LCA) were moreover considered as general framework [15], [16]. The 
results of the analysis are briefly summarised in the subsequent subsections. 
 
The four methods were analysed in terms of: 
x Life cycle approach in order to avoid burden shifting across product life cycle stages; 
x Multi-criteria approach in order to avoid burden shifting across environmental impact 
categories; 
x Alignment with the International Life Cycle Data System (ILCD) recommendations because 
the ILCD impact categories and models are widely supported by LCA experts in the scientific 
community [17]; 
x Allowing for consistent design decisions; 
x Transparency; 
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x Data quality requirements (as a prerequisite for good quality results); 
x Covering durability, recyclability, reusability, recoverability issues (as identified in previous 
research as important issues). 
 
2.1 EN 15804:2012 
 
The European Standard EN 15804:2012 provides core product category rules for all construction 
products and services [11]. The standard “provides a structure to ensure that all Environmental 
Product Declarations (EPD) of construction products, construction services and construction 
processes are derived, verified and presented in a harmonised way” [11]. Although in principle, the 
standard recommends to include all life cycle stages, only the production stage (raw material 
acquisition, transport to manufacturer and manufacturing) is strictly required. If all life cycle stages 
are covered, the information should be subdivided in several predefined modules. Reuse, recovery 
and recycling potentials at the End-of-Life (EoL) stage of the product are not included in the 
system boundary and, if included, should be communicated in a separate information module. 
 
The EN 15804 requires a multi-criteria environmental assessment considering 7 default impact 
assessment categories: global warming [kg CO2 eq.], ozone depletion [kg CFC11 eq.], acidification 
for soil and water [kg SO2 eq.], eutrophication [kg (PO4)3- eq.], photochemical ozone creation [kg 
ethene eq.], and depletion of abiotic resources elements [kg Sb eq.] and fossil fuels [MJ net caloric 
value]. Although the EN 15804:2012 requires to use the characterisation factors according to the 
ILCD recommendations for all categories except for abiotic depletion potential, the required units 
do not all coincide with these of the ILCD recommendations. Extra environmental information is 
furthermore required regarding resource use and output flows. 
 
From the analysis, it was concluded that the EN 15804 has a different goal than what is aimed at in 
HarWin and therefore does not seem to be fully appropriate for HarWin. The main reasons are the 
following: recycling is not taken into account, there is no comprehensive list of impact categories 
and the impact assessment models are not completely in line with the ILCD recommendations. 
Some aspects can however be taken from the standard when developing the LCEAHarWin method, 
such as the time and technology related specific requirements for data quality. 
 
2.2 Product Environmental Footprint (PEF) 
 
The PEF method is a multi-criteria measure of the environmental performance of any type of 
product throughout its life cycle [12]. It has been developed by the Joint Research Centre of the 
European Commission and published as an annex of the recommendation linked to the 
Communication “Building the Single Market for Green Products - Facilitating better information on 
the environmental performance of products and organisations” [18]. PEF information is produced 
for the overarching purpose of seeking to reduce the environmental impacts of products taking into 
account supply chain activities (from extraction of raw materials, through production and use, to 
final waste management).  
 
The PEF method considers 14 default impact assessment categories: climate change [kg CO2 eq.], 
ozone depletion [kg CFC-11 eq.], eco-toxicity – freshwater [CTUe], human toxicity – cancer effects 
[CTUh], human toxicity – non-cancer effects [CTUh], particulate matter/respiratory inorganics [kg 
PM2.5 eq.], ionising radiation – human health effects [kg U235 eq.], photochemical ozone formation 
[kg NMVOC eq.], acidification [mol H+ eq.], eutrophication – terrestrial [mol N eq.], eutrophication – 
aquatic [kg P eq. (fresh water) and kg N eq. (marine)], resource depletion – water [m3 water use 
related to local scarcity of water], resource depletion – fossil [kg antimony (Sb) eq.], and land use 
[Kg (deficit)]. 
 
From the analysis it was concluded that the PEF method seems appropriate for the LCEA of 
windows within the HarWin project because of several reasons. The environmental impact 
categories are comprehensive and the related indicators, models and characterisation factors are 
in line with the ILCD recommendations. The PEF method follows a two-step procedure (i.e. 
screening and final PEF) which seems most appropriate for HarWin (see section 2.3). The 
prescriptive guidelines furthermore ensure consistent and comparable results. The data quality 
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requirements guarantee that results are based on good quality data which is an important 
characteristic of this method. Recycling, reuse and energy recovery are all included, both at the 
start and end of the product’s life cycle. However, no specific indices are calculated which 
emphasise the durability, recyclability, reusability or recoverability as such. 
 
2.3 Methodology for Ecodesign of Energy-related Products (MEErP) 
 
The MEErP methodology provides guidance to analysts and stakeholders involved in the 
preparatory studies for implementing measures under the recast of the Ecodesign Directive [19]. A 
structured approach is proposed to analyse environmental, economic and technical performances 
of product alternatives and comprises seven tasks: scope definition, market analysis, analysis of 
consumer behaviour during use and EoL, description of technologies, environmental and economic 
assessment, consideration of design options and setting up a stock model. The analysis comprises 
a base-case (i.e. the average product representing the EU market in terms of resources efficiency, 
emissions and functional performance), a Best Available Technique (BAT) case representing the 
best commercially available product with the lowest resources use and/or emissions and Best Non 
Available Technique (BNAT) case which refers to an experimentally proven technology that is not 
yet brought to market.  
 
The environmental method gathered in the EcoReport tool recommended by MEErP proposes 9 
environmental impact categories: Greenhouse Gases [kg CO2 eq.], acidification [g SO2 eq.], Non 
Methane Volatile Organic Compounds [g], Persistent Organic Pollutants [ng Teq. of TCCD], heavy 
metals to air [mg Ni eq.], Polycyclic Aromatic Hydrocarbons [mg Ni eq.], Particulate Matter [mg 
PM10 eq.], heavy metals and PAH emissions to water [mg Hg/20 eq.] and eutrophication [mg PO4 
eq.]. An indicator on critical raw materials is moreover proposed. 
 
From the analysis it was concluded that the MEErP methodology is relevant for HarWin because 
windows are typical ErP belonging to the scope of the Ecodesign Directive. The MEErP 
methodology has however been developed for policy purposes and therefore may not be suitable 
to be used as such in a product development process. The main reason is that it concerns a 
simplified environmental impact assessment method that is not compliant with the ILCD 
recommendations. Nevertheless, the MEErP approach to identify a base-case, BAT and BNAT; and 
to calculate the benefits of an improved product compared to the base case both at the product 
level and setting up a stock model for environmental analysis is useful for the HarWin project. 
 
2.4 Resource Efficiency Assessment of Products (REAPro) 
 
In 2011 the European Commission (EC) published its “Roadmap to a Resource Efficient Europe” 
indicating objectives, strategies, milestones and actions to be undertaken in order to improve the 
resource efficiency of the European Union [20]. In line with this policy initiative, the REAPro 
method has been developed by the JRC upon mandate from DG Environment, between 2009 and 
2012. It has been developed to be used in the framework of various product policies, including the 
EcoDesign Directive [19], EU Ecolabel [21] and Green Public Procurement [22]. 
 
The REAPro method was developed to support transparent identification of potential resource 
efficiency measures for products and assessment of their improvements potentials on a life cycle 
perspective. The REAPro method aims at assessing the performances of products according to six 
resource efficiency and waste management criteria and at using results to identify relevant 
improvement product measures [14]. The criteria address the recycled content rate, the re-usability, 
recyclability, recoverability rate of a product; the use of hazardous substances in a product and the 
durability of a product. 
 
From the analysis it was concluded that the REAPro method seems appropriate to be applied to 
the HarWin windows for its specific focus on resource efficiency, which is not the case for any of 
the other considered methods. Its application would allow to identify trade-offs between material 
efficiency performances during production and EoL stages with energy efficiency during the use 
stage. Its recyclability and durability indices could also be used to explore windows’ design 
opportunities to improve its recyclability and remanufacturability. Although the REAPro is a multi-
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criteria life cycle approach in line with the ILCD recommendations, it does not comprise data 
quality requirements and is not as prescriptive as for example the PEF method. 
 
3. LCEA method for HarWin and its implementation during the design 
phase 
 
3.1 Proposed LCEA method for HarWin 
 
Based on the conclusions of the analysis, a hybrid (i.e. based on a combination of features of the 
different methods studied) LCEA approach has been proposed for HarWin. The most important 
characteristics of the proposed LCEA HARWIN method are the following (referring to the original 
method for each specific feature): 
 
x the method is life cycle based: it considers the life cycle of the window from extraction of 
resources to end-of-life treatment (ISO 14040 and ISO 14044); 
x the method comprises a multi-criteria environmental impact assessment in line with the 
PEF method. Moreover, additional environmental information is proposed for four impact 
categories (mineral resource depletion, eutrophication, photochemical ozone formation, and 
fossil resource depletion) using the EN 15804 recommended indicators and impact 
assessment models so that EPDs can easily be developed; 
x the method includes indicators of material efficiency (REAPro method); 
x the method is based on an iterative assessment process (PEF method) which allows: 
o a screening assessment (based on generic data) 
o a detailed assessment (based on specific data and revised/refined building and window 
models); 
o a final assessment (based on final specific data and final building and window models); 
x the method consists of a comparison of the new developed innovative window with a base 
case window and BAT window (MEErP methodology), 
x the method allows to draw conclusions on the macro-scale (i.e. European continent) based 
on the results of the assessment of performances at the product level (MEErP 
methodology). 
 
In previous studies the use stage was identified as very important in the life cycle environmental 
impact of windows due to its integration in the building and related heat losses/gains resulting in an 
energy demand for heating and/or cooling, and because of energy demand for lighting when not 
enough daylight is provided. In consequence, particular attention needs to go to the estimation of 
the operational energy use and the determination of the part to be assigned to the windows. Hence, 
the impact of implementing HarWin windows on the building energy consumptions will be 
investigated by using dynamic computational simulations. A state-of-the-art energy modelling tool, 
IES <VE> [24] will be employed to carry out the investigation. The IES <VE> is a suite of building 
performance modelling tools based around a single integrated data model. It is comprised of a 
series of individual modules including climate, geometric modelling, solar shading, energy and 
carbon, lighting, airflow, value/cost and egress modules, linked by a Common User Interface (CUI) 
and a single Integrated Data Model (IDM), which allows data input being passed among different 
applications. In addition, three building types have been identified as the baseline building models, 
which are an office building, a secondary school and two residential buildings (i.e. a detached 
house and an apartment building). A series of climatic locations will also be selected in the 
simulations to represent the typical climate zones in Europe. Two types of simulations will be 
conducted with an attempt to better understanding the HarWin windows impact; one is the steady-
state simulation to provide the heating and cooling loads and the other is dynamical simulation to 
provide detailed information from the component level up to the building level.  
 
3.2 Implementation during the development process of innovative windows 
 
The LCEAHarWin method will support key development decisions and dissemination activities. In 
particular, it is proposed that the LCEAHarWin method will be used in the development phases of the 
HarWin R&D project (See Fig.  1). Integrating environmental aspects during the design process, 
often called ‘ecodesign’, has been widely discussed in the literature during the last two decades 
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(see e.g. [25], [26], [27], [28], [29], [30], [31]). The technical report ISO/DTR 14062:2002 “describes 
concepts and current practices relating to the integration of environmental aspects into product 
design and development” and discusses several models of integration [31]. One model, based on 
the so-called “Pahl&Beitz model” proposed in the nineties by the “Design for X” community [32], 
aims at proposing various actions (e.g. definition of objectives, analysis, decisions) to be carried 
out at each phase of the development process (i.e., Planning; Conceptual design; Detailed design; 
Testing/Prototyping; Market launch; Product review [31]) in order to improve the product 
environmental performances. 
 
Based on this generic model, the LCEAHarWin method will be applied in the context of the HarWin 
project for different purposes during the four main phases of the development process of the 
innovative windows: 
x During the planning phase (Phase 1): to identify the key environmental performances 
that should present the innovative window (based on the simplified application of the 
method to state of the art windows and on the literature); 
x During the conceptual design phase (Phase 2): to analyse the environmental impacts of 
design concepts alternatives of the new window (e.g. concerning architecture, typology 
of materials in frame and glazing) and to help partners making informed choices; 
x During the detailed design phase/Testing/Prototyping (Phase 3): to analyse the 
environmental impact of technical design alternatives (e.g. thickness of glazing, exact 
reference of materials, manufacturing process) and to allow partners on informed 
decisions; 
x For the closure of the project (corresponding to the “market-launch” and “product-review” 
phases for the ISO 14062 model) (Phase 4): to analyse global performances so that 
they can be communicated and that further developments can be identified. 
 
 
Fig.  1 Schematic representation of the implementation of the LCEAHarWin method for the develop-
ment of innovative windows 
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4. Conclusions and steps forward 
 
Based on the analysis of existing initiatives to assess the life cycle environmental impact of 
windows, a hybrid method was proposed combining the strengths of each of these methods within 
the context of the HarWin project. The result is a life cycle multi-criteria environmental impact 
assessment method, entitled LCEAHarWin method, based on an iterative LCA approach, with the 
robustness of following the recommendations of ILCD. Additionally, the LCEAHarWin method 
comprises material efficiency indicators to assess the recycled content, recyclablility, recoverability 
and durability of the windows. The method moreover allows for drawing conclusions on the macro-
scale. The next steps of the HarWin project comprise the building modelling and related 
approaches for allocating energy losses of the building to the window; and related data gathering. 
The proposed LCEA method will then be tested on state of the art windows and during the design 
process of the innovative windows and will be used to take decisions related to the development of 
the innovative window.  
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